. Prolonged exposure to methylglyoxal causes disruption of vascular K ATP channel by mRNA instability. Am J Physiol Cell Physiol 303: C1045-C1054, 2012. First published September 12, 2012 doi:10.1152/ajpcell.00020.2012.-Diabetes mellitus is characterized by hyperglycemia and excessive production of intermediary metabolites including methylglyoxal (MGO), a reactive carbonyl species that can lead to cell injuries. Interacting with proteins, lipids, and DNA, excessive MGO can cause dysfunction of various tissues, especially the vascular walls where diabetic complications often take place. However, the potential vascular targets of excessive MGO remain to be fully understood. Here we show that the vascular Kir6.1/SUR2B isoform of ATP-sensitive K ϩ (KATP) channels is likely to be disrupted with an exposure to submillimolar MGO. Up to 90% of the Kir6.1/SUR2B currents were suppressed by 1 mM MGO with a time constant of ϳ2 h. Consistently, MGO treatment caused a vast reduction of both Kir6.1 and SUR2B mRNAs endogenously expressed in the A10 vascular smooth muscle cells. In the presence of the transcriptional inhibitor actinomycin-D, MGO remained to lower the Kir6.1 and SUR2B mRNAs to the same degree as MGO alone, suggesting that the MGO effect is likely to compromise the mRNA stability. Luciferase reporter assays indicated that the 3=-untranslated regions (UTRs) of the Kir6.1 but not SUR2 mRNA were targeted by MGO. In contrast, the SUR2B mRNAs obtained with in vitro transcription were disrupted by MGO directly, while the Kir6.1 transcripts were unaffected. Consistent with these results, the constriction of mesenteric arterial rings was markedly augmented with an exposure to 1 mM MGO for 2 h, and such an MGO effect was totally eliminated in the presence of glibenclamide. These results therefore suggest that acting on the 3=-UTR of Kir6.1 and the coding region of SUR2B, MGO causes instability of Kir6.1 and SUR2B mRNAs, disruption of vascular K ATP channels, and impairment of arterial function.
above the permissive levels in pathological conditions owing to the buildup of its precursor molecules and a disruption of the cellular antioxidant detoxification systems (8) . Indeed, the plasma levels of MGO are markedly elevated in patients with diabetes (19) . The presence of excessive MGO in interstitial fluids is attributable to the progression of diabetic complications (5, 8, 54) and diabetes-related vascular disorders including hypertension (34, 50) . Despite the accumulating evidence for the adverse vascular effects of MGO, the mechanisms and the molecular targets by which MGO acts on the vascular walls remain to be demonstrated.
The vascular smooth muscle (VSM) isoform of the ATPsensitive K ϩ (K ATP ) channels is a critical player in vascular tone regulation (4, 22, 36, 60) . This channel consisting of Kir6.1 and SUR2B subunit (59) is activated by vasodilators and inhibited by vasoconstrictors, contributing to the control of regional blood flows in response to circulating hormones and cellular metabolites (30, 33, 39, 43) . Disruptions of the K ATP channel have severe consequences as knockout of the Kir6.1 gene in mice leads to coronary vasospasm and sudden death (11, 28) , as well as lethal sensitivity to bacterial endotoxins (13, 21) .
The vascular K ATP channel is susceptible to several pathophysiological conditions (25) . In diabetic patients, the vascular responses to K ATP channel openers are impaired, resulting in a defect in vasodilation (15, 29) . Our previous studies (55, 56) have shown that the vascular K ATP channel activity is inhibited via protein S-glutathionylation in oxidative stress. The oxidative stress, known to contribute to diabetic vascular complications, is produced by several reactive species including reactive oxygen species (ROS), reactive nitrogen species, reactive lipid species, and RCS. Accumulating evidence suggests that the RCS consisting of MGO, glyoxal, and 3-deoxyglucosone may play a prominent role in the development of diabetic complications (3, 15) .
The vascular K ATP channel could be a potential target of MGO, as disruption of functional K ATP channels can lead to abnormalities in cellular excitability, impairment of VSM contraction, as well as vascular responses to vasoconstrictors and vasodilators. Therefore, we performed these studies to test the hypothesis that MGO affects the function of vascular K ATP channels. Our results showed that MGO treatment caused disruption of both Kir6.1 and SUR2B mRNAs through two distinct mechanisms. Such an effect is likely to impair membrane potentials and K ϩ homeostasis of VSMs, exacerbating the vascular complications of diabetes.
METHODS
Reagents. Chemicals and reagents were purchased from Sigma unless stated otherwise. Reagents were prepared in high-concentration stocks in double-distilled water or DMSO. The final concentration of DMSO in the solutions used for experiments was less than 0.1% (vol/vol), which did not have any detectable effect on the channel activity.
Cell culture. The HEK293 cells (CRL-1573; ATCC, Manassas, VA) and the rat VSM cells (the A10 cell line, CRL-1476; ATCC) were cultured in DMEM/F-12 (with additions of 10% FBS and penicillin/streptomycin) as a monolayer in a 5% CO 2 atmosphere at 37°C.
Heterologous expression of KATP channel. KATP channels were expressed in HEK293 cells as previously described (42, 56, 62) . The HEK293 cells cultured in a 35-mm petri dish were transfected with 1 g of pcDNA3.1 (a eukaryotic expression vector) containing rat Kir6.1 (GenBank No. D42145) and SUR2B cDNA (GenBank No. D86038, mRNA isoform NM_011511) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Green fluorescent protein cDNA (0.4 g, pEGFP-N2; Clontech, Palo Alto, CA) was included in the cDNA transfection mixture to facilitate the identification of positively transfected cells. One day after transfection, the cells were dissociated with trypsin (0.25%) and then transferred to coverslips. Electrophysiological experiments were performed on the cells present on the coverslips for 2 continuous days.
Electrophysiology. Patch-clamp experiments were performed at room temperature as described previously (39 -41, 57) . In brief, patch pipettes made of 1.2-mm borosilicate glass capillaries were fire polished to have 2-5 M⍀ resistance. Whole cell currents were recorded in voltage clamp with a holding potential 0 mV and stepped to Ϫ80 mV every 3 s. The bath solution contained the following (in mM): 10 KCl, 135 potassium gluconate, 5 EGTA, 5 glucose, and 10 HEPES (pH 7.4). The pipette was filled with a solution containing the following: 10 KCl, 133 potassium gluconate, 5 EGTA, 5 glucose, 1 K 2ATP, 0.5 NaADP, 1 MgCl2, and 10 HEPES (pH 7.4). All solutions containing ATP and/or ADP were freshly made and used within 4 h to avoid nucleotide degradation. The recordings were obtained from the Axopatch 200B amplifier (Molecular Devices, Union City, CA), low-pass filtered (2 kHz, Bessel 4-pole filter, Ϫ3 dB), and digitized (10 kHz, 16-bit resolution) with Clampex 9 (Molecular Devices.). Symmetric K ϩ (145 mM in total) was used in both bath and pipette solution to make the reverse potential of K ϩ close to 0 mV. K2ATP (1 mM) and NaADP (0.5 mM) were also included in the bath solution for maintaining the channel activity.
RT-PCR. Total RNAs were extracted from A10 smooth muscle cell line with an RNeasy Mini Kit (Qiagen). cDNA was reverse transcribed from 0.5 g total RNAs in a 20-l reaction containing 200 U Superscript III Reverse Transcriptase (Invitrogen), 300 ng random hexamers, 0.5 mM dNTPs, 40 U RNaseOut, and 10 mM DTT. The RT product was treated with 5 U RNase H for 20 min. Regular PCR was performed in the Mastercycler (Eppendorf Pro S) in a final volume of 50 l containing 1 l of the RT product, 1.25 U of GoTaq DNA polymerase (Promega, Madison, WI), 250 M dNTP, 2.5 l DMSO, and 0.5 M primers. The cycling conditions included an initial denaturation at 95°C for 5 min followed by 30 cycles of denaturation at 95°C for 45 s, annealing at 52°C for 45 s, elongation at 72°C for 75 s, and a final elongation at 72°C for 10 min. PCR products were separated by electrophoresis on a 1% agarose gel for visualization.
Real-time quantitative RT-PCR. Quantitative RT-PCR (qPCR) was performed with a Fast Real-Time PCR system (Applied Biosystems 7500). Applied Biosystems Primer Express 3.0 software was used for the primer design. The resulting primers confirmed with BLAST for specificity were synthesized by Sigma Genesis (Sigma). Each reaction (20 l) contained 1ϫ Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen), 0.2 M mixture of forward and reverse primers, 0.04 l ROX reference dye, and 0.4 g cDNA. Thermal cycling conditions (27) . The first step in the relative quantitation analysis was to obtain ⌬C t by normalizing target gene expression level to the internal control GAPDH. The second step (⌬⌬C t) was to compare the difference between normalized target gene expression in treated and control samples. Each sample was tested in triplicates or quadruplicates under the same reaction conditions in each experiment, and the experiments were repeated at least three times.
Genomic DNA isolation and 3=-untranslated regions. All animal experiments were approved by the Institutional Animal Care and Use Committee of Georgia State University following protocols. SpragueDawley rat (Jackson Laboratory) tail tissue was used for isolating the genomic DNA using the DNeasy blood and tissue kit (Qiagen) following manufacturer's protocol. Primer pairs with a 5=-XhoI overhang for the 3=-untranslated regions (UTRs) of Kir6.1/SUR2 genes were designed based on the conserved sequences from rat genomic sequence (accession no. AC_000072.1). PCR was performed in a 20-l reaction containing 1 g isolated genomic DNA, 0.75 mM dNTPs, 2.5 l DMSO, 1ϫ Pfu ultra buffer, 25 nM primer mixture, and 1 l of Pfu ultra DNA polymerase using Mastercycler (Eppendorf Pro S) with an initial denaturation period of 95°C for 2 min, followed by 36 cycles of denaturation at 95°C for 50 s, annealing at 60°C for 45 s, and extension at 72°C for 2 min, with a final elongation at 72°C for 10 min. The PCR products were analyzed on a 2% agarose gel.
Cloning of the 3=-UTR. The pmirGLO luciferase expression vector (Promega) was digested with Xho I restriction enzyme (restriction site located downstream of the firefly-luc2 gene) and gel purified with QIAquick gel extraction kit (Qiagen). The appropriate PCR products corresponding to the 3=-UTR of Kir6.1 and SUR2 were purified (QIAquick PCR purification kit) and digested with Xho I enzyme followed by purification of the digested fragments. Ligation was performed in a 10-l vol. Digested vector (50 ng) and digested fragment (300 ng) were incubated with 400 U of T4 DNA ligase (NEB) at 16°C for 16 h. The ligated products were transformed into XL1-blue competent cells (Agilent) for amplification. The amplified DNA was obtained through plasmid Mini-preparation (Qiagen). The correct constructs were confirmed by DNA sequencing.
Luciferase assay. Luciferase assay was performed on A10 cells. The cells were grown to ϳ90% confluence in a 35-mm petri dish and transfected with 1 g of either Kir6.1-3=-UTR or SUR2B-3=-UTR containing pmirGLO vector using the Fugene-6 transfection reagent (Roche Applied Science, Indianapolis, IN). The cells were dissociated with 0.25% trypsin 8 -12 h after transfection and then seeded into a 96-well plate for further growth. MGO treatment (in triplicates) was performed after 18 -24 h.
Transfected A10 cells were incubated with freshly prepared MGO diluted to the required concentration in DMEM medium for 5 h, following which Dual-Glo luciferase assay was performed according to the manufacturer's instructions (Promega). Briefly, a volume of Dual-Glo substrate equal to the volume of the culture medium was added to each well and the firefly luminescence was measured using a luminometer (Model 1420 Victor3V; Perkin Elmer, Waltham, MA) after a 15-to 20-min incubation period. After the firefly luciferase reading was obtained, a volume of Dual Glo Stop & Glo reagent equal to the volume of the original culture medium was added to each well and the renilla luminescence was measured after 15-20 min. The ratio of firefly to renilla luciferase was calculated for each well. The well ratio of each sample was normalized to the control well ratio.
In vitro transcription. cDNA sequences of rat Kir6.1 (GenBank No. D42145) and mouse SUR2B (GenBank No. D86038, mRNA isoform NM_011511) were cloned into the pcDNA 3.1 cloning vector. The linear DNA template was obtained by using a restriction site downstream to the 3=-end of the cDNA insert in the vector for in vitro transcription reactions. The in vitro transcription reactions were performed in RNase free environment with MEGAscript T7 high yield transcription kit (Ambion) according to the manufacturer's instructions. The RNA pellet obtained was dissolved in appropriate volume of RNase free H2O.
For the MGO treatment, 2 g of RNA were treated with MGO (100, 300, or 600 M) at 37°C for 6-, 18-, or 24-h time periods. After MGO treatment, 95% formamide containing gel loading buffer was added to the MGO/RNA mixture and heat denatured at 65°C for 45 min followed by chilling on ice. The denatured RNAs were separated on a 1.5% agarose gel for visualization with ultraviolet fluorescence. The density of the RNA bands on the gel was determined by densitometry analysis using ImageJ (1) .
Mesenteric artery preparation and tension measurement. After the Sprague-Dawley rats (200 -250 g body wt) were euthanized, mesenteric arteries were dissected free and placed in physiological salt solution containing the following (in mM): 140 NaCl, 4.6 KCl, 1.5 CaCl2, 1 MgCl2, 10 glucose, and 5 HEPES, pH 7.3. The arteries were cut into small rings (2 mm in length) and transferred to ice-cold Krebs solution containing the following: 118.0 NaCl, 25.0 NaHCO3, 3.6 KCl, 1.2 MgSO4, 1.2 KH2PO4, 11.0 glucose, and 2.5 CaCl2 and bubbled with 95% O2-5% CO2. The arterial ring was mounted on a force-electricity transducer (i-FOT2, GlobalTown Sarasota, Florida) for measurements of isometric force contraction in a 2-ml tissue bath filled with the air bubbled Krebs solution.
Data analysis. Data are presented as the means Ϯ SE. Differences in means tested with Student's t-test or the ANOVA were accepted as significant if P Ͻ 0.05. 
RESULTS

Decreases in vascular K ATP channel mRNAs with prolonged MGO treatment.
To test the hypothesis that prolonged MGO treatment affects the expression of vascular K ATP channels, we studied the mRNAs of Kir6.1 and SUR2B subunits using regular and qPCR in A10 smooth muscle cell line, as they endogenously express the vascular Kir6.1/SUR2B isoform of K ATP channels (40, 44) . The concentration of MGO has been determined to be ϳ400 M (29.3 g/ml) in diabetic patients with poor glycemic control (24, 32) . Therefore, we used MGO with concentrations ranging from 100 M to 1 mM in our experiment to better mimic the pathological condition. After the cells were treated with varying concentrations of MGO for 12 h, the total RNAs were extracted followed by PCR and qPCR analyses. Regular PCR showed evident decrease in the levels of Kir6.1 and SUR2B mRNAs with a 300 M MGO treatment (Fig. 1A) . A higher concentration of MGO (1 mM) caused nearly a total loss of Kir6.1 and SUR2B mRNAs (Fig.  1A) . The mRNA levels of the internal control GAPDH did not show a significant change in response to similar MGO treatments (Fig. 1A) , suggesting that MGO does not induce a general disruption of RNA molecules. Consistent with these findings, qPCR analysis showed that MGO treatments resulted in concentration-dependent reductions in the levels of Kir6.1 and SUR2B transcripts with IC 50 of 350 M for Kir6.1 and 290 M for SUR2B, respectively (Fig. 1, B and C) . The effect of MGO on Kir6.1 and SUR2B mRNAs also showed a clear time dependence. With a 500-M MGO treatment, the time constant was 1.15 h and 0.33 h for Kir6.1 and SUR2B mRNAs, respectively (Fig. 1, D and E) (57) . An exposure to 10 M pinacidil, a specific K ATP channel opener, led to the activation of Kir6.1/SUR2B currents that were sequentially suppressed by 10 M glibenclamide (Glib), a K ATP channel inhibitor ( Fig. 2A) . A significant decrease in the K ATP currents occurred after the cells were exposed to 1 mM MGO for ϳ3 h (Fig. 2B) . After a 21-h treatment with 1 mM MGO, the K ATP currents were barely detectable (Fig. 2C) . Quantitatively, a 21-h treatment with 1 mM MGO led to a reduction of the Kir6.1/SUR2B current density by ϳ90% with a time constant of 3.46 h (Fig. 2, D and E) . Therefore, the MGO-mediated suppression in the mRNAs of the Kir6.1/SUR2B channel has functional consequences on the channel activity. at different time points. B and C: comparisons of the time-dependent decrease in the levels of Kir6.1 mRNA in response to AcD, MGO, and AM treatments. D and E: comparisons of the time-dependent decrease in the levels of SUR2B mRNA in response to AcD, MGO, and AM treatments. *P Ͻ 0.05; ***P Ͻ 0.001 (n ϭ 11 to 23 samples from 3 to 6 experiments).
Transcriptional inhibition vs. mRNA degradation. The decrease in the mRNA levels of vascular K ATP channels could be a result of transcriptional inhibition, mRNA instability, or both. To test these possibilities, we treated A10 cells for 1-6 h with actinomycin D (AcD; 5 g/ml), a transcriptional inhibitor. Subsequent PCR analysis showed that the AcD treatment alone without MGO caused a decrease in the mRNA levels of Kir6.1 in a time-dependent manner (Fig. 3A) . In contrast, the mRNA levels of SUR2B and GAPDH did not display such a timedependent reduction in response to the same AcD treatment (Fig. 3A) , suggesting that continuous transcription is necessary to maintain the Kir6.1 mRNA level, while SUR2B and GAPDH mRNAs are relatively stable within this time period. When MGO (300 M) and AcD (5 g/ml) were applied together, marked decreases in the mRNA levels of both Kir6.1 and SUR2B (but not GAPDH) were clearly seen (Fig. 3A) .
We further analyzed the mRNA reduction kinetics by qPCR and found that the AcD treatment caused an obvious reduction in the Kir6.1 mRNA levels in 3 and 6 h (Fig. 3B) . A more drastic reduction in Kir6.1 mRNA was found with MGO treatment alone. These two effects were not additive, as a joint treatment with AcD and MGO produced a drop in Kir6.1 mRNA to almost the same degree as MGO alone (Fig. 3C) . Because the Kir6.1 mRNA was less stable as shown with AcD treatment alone (Fig. 3B) , the additional effect of MGO was too small to show evidence for transcription inhibition by MGO.
The AcD treatment caused a marginal decrease in SUR2B mRNA levels over a 6-h period, while MGO almost totally eliminated the SUR2B mRNAs in 1 h (Fig. 3D) . A combined treatment of MGO and AcD did not lead to a further reduction in the levels of SUR2B mRNA (Fig. 3E) . Therefore, MGO caused a reduction in the levels of SUR2B mRNA as well, likely through mRNA instability.
3=-UTR of the Kir6.1 gene. The mRNA stability largely relies on its 3=-UTR sequence (37). Thus we cloned a 1,000-and a 2,600-bp fragment at the 3=-end of Kir6.1 and SUR2 genes, respectively, to a luciferase reporter vector that was then transfected to the A10 smooth muscle cells. These regions cover the suggested 3=-UTR region shown in NCBI genomic database. Presuming that the fragment contained the 3=-UTR, we used the term 3=-UTR in the rest of the statements. The effect of MGO on the luciferase expression was determined after the transfected cells were treated with MGO (10, 100, and 300 M, respectively) for 5 h. If the 3=-UTR of Kir6.1 was targeted by MGO, the mRNA of firefly luciferase reporter with the 3=-UTR of Kir6.1 should be less stable in the presence of MGO, resulting in a net reduction in the firefly luciferase activity. Renilla luciferase with its own 3=-UTR was designed as an internal control, which supposedly should not be targeted by MGO. Indeed, we found that the renilla luciferase signal did not show any significant changes with or without MGO treatments (P Ͼ 0.05; n ϭ 5 for each experiment). In the cells transfected with Kir6.1Ϫ3=-UTR containing vector, a concentration-dependent reduction in the firefly luciferase reporter activity was found (Fig. 4A) . A treatment with 300 M MGO led to a decrease in the luciferase activity by 28.8 Ϯ 5.3% (P Ͻ 0.001; n ϭ 5). The luciferase activity decreased by 15.2 Ϯ 2.9% (P Ͻ 0.05; n ϭ 5) in cells treated with 100 M MGO. Both of the drops were significantly different from the control (Fig. 4A) . A slight and insignificant reduction in luciferase activity (4.5 Ϯ 3.5%; n ϭ 4) was seen in cells treated with 10 M MGO.
In contrast, the same MGO treatments did not produce any significant decreases in luciferase activity in the cells transfected with the SUR2-3=-UTR containing vector (Fig. 4B) . Therefore, it is likely that MGO acts on the 3=-UTR of Kir6.1 mRNA causing its instability, while MGO may affect SUR2B mRNA stability via a different mechanism.
Direct targeting at the SUR2B coding region. Since MGO has been shown to interact directly with nucleic acids, especially single stranded nucleotides (23), we tested the possibility that the coding sequences of the Kir6.1/SUR2B mRNA may be targeted by MGO, leading to a reduction in the levels of the mRNAs. The Kir6.1 and SUR2B mRNAs were synthesized by in vitro transcription. These mRNAs were then treated with MGO at different concentrations for a given time period. The change in the mRNA levels upon MGO treatment was visualized by gel electrophoresis and quantified. Obvious reduction in the band density of SUR2B mRNA was seen with 300-M MGO treatments, and the decrease in the SUR2B mRNA band was more prominent with 600-M MGO treatment (Fig. 5A) . Fig. 4 . Action of MGO on the 3=-untranslated regions (UTRs) of KATP channel mRNAs. A10 cells transfected with Kir6.1-3=-UTR or SUR2B-3=-UTR containing luciferase reporter vector (pmirGLO) were treated with different concentrations of MGO for 5 h, followed by the measurement of the luciferase activity. The ratio of firefly luciferase activity (experimental reporter): renilla luciferase activity (control reporter) was calculated for each well. The well ratio of each sample was normalized to the control well ratio and is represented on the y-axis as the relative luciferase activity in response to different MGO treatments along with the control. A: summary of the effect of different concentrations (10, 100, and 300 M) of MGO on the luciferase activity of Kir6.1-3=-UTR containing luciferase reporter vector. B: summary of the effect of different concentrations of MGO (30, 100, and 300 M) on the luciferase activity of SUR2B-3=-UTR containing luciferase reporter vector. *P Ͻ 0.05; ***P Ͻ 0.001 (n ϭ 5 experiments).
The mRNA degradation may also cause a reduction in the size of the RNA. Thus we elongated the image obtained from ultraviolet luminescence in a vertical direction to determine if there is any difference in the migration distance of MGOtreated mRNA samples compared with the control. This manipulation showed that SUR2B mRNA treated with 600 M MGO migrated a slightly longer distance than that of control mRNA (Fig. 5A, bottom) , indicating a decrease in SUR2B mRNA size with the MGO treatment. Therefore, our data suggest that SUR2B mRNA may be degraded upon MGO treatment.
The levels of the SUR2B mRNA decrease were further analyzed quantitatively with increasing concentrations of MGO in an 18-h incubation period (Fig. 5C) . A 600-M MGO treatment led to a decrease in the SUR2B mRNA band density by 61.4 Ϯ 3.2% (P Ͻ 0.001; n ϭ 4) compared with the control value. Treatment with lower concentrations of MGO produced a smaller, but significant, decrease: 43.4 Ϯ 6.4% (P Ͻ 0.001; n ϭ 4) with 300-M MGO and 14.4 Ϯ 2.9% (n ϭ 4) with 100-M MGO treatment.
To determine the time dependence for the effect of MGO on SUR2B mRNA levels, the SUR2B mRNA was treated with 300 M MGO for 6, 18, and 24 h (Fig. 5D) . The SUR2B mRNA levels decreased modestly by 6.9 Ϯ 1.0% (n ϭ 4) after a 6-h MGO exposure, while the exposure to MGO for 18 and 24 h caused graded decreases in the mRNA levels by 43.4 Ϯ 6.4% (P Ͻ 0.001; n ϭ 4) and 68.0 Ϯ 4.4% (P Ͻ 0.001; n ϭ 4), respectively. Similar experiments were also performed on the in vitro transcribed Kir6.1 mRNA, and no evident decrease in the mRNA levels was observed (Fig. 5, B, E, and F) . Taken together, these results suggest that MGO is likely to cause SUR2B mRNA instability by targeting at the coding region.
K ATP channel-dependent augmentation of vasoconstriction by MGO. To further understand whether the modulation of vascular K ATP channel by MGO could affect vascular tone, vasoconstriction was studied in endothelium-intact mesenteric arterial rings with electricity-force transducers. With a 0.4 g preload, phenylephrine (PE) produced concentration-dependent constrictions in the arterial rings, which was subsequently relaxed by 1 M acetylcholine and pinacidil (Pin 10 M; Fig. 6A ). After three times of washout, the ring was exposed to 1 mM MGO for 2 hrs. Stronger vasoconstriction was observed with the same concentrations of PE (Figs. 6A and 7A). In the presence of Glib, such an MGO-mediated PE-induced vasoconstriction was completely abolished (Figs.
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Marker CTL 100 300 600 Marker CTL 100 300 600 A Kir6.1 SUR2B 6B and 7B). These data thus suggest that the presence of functional K ATP channels is necessary for MGO to augment the PE-induced vasoconstriction.
DISCUSSION
In the present study, we have found evidence for the disruption of vascular K ATP channels with an MGO exposure and shown the underlying mechanisms. MGO treatment causes a major reduction in the levels of Kir6.1 and SUR2B mRNAs and impairs activity of the K ATP channels. Remarkably, MGO appears to act on the 3=-UTR of the Kir6.1 gene and the coding region of the SUR2B gene, leading to mRNA instability and a loss of functional K ATP channels in plasma membranes.
Emerging evidence suggests that RCS including MGO play a major role in the development of diabetic complications in multiple organs and systems (5) . Like ROS, RCS are highly reactive and can modify proteins, DNAs, and lipids via Maillard covalent links, producing advanced glycation end products (AGEs; Ref. 47) . AGEs can cause direct damages to intracellular cellular structures and act on extracellular AGE receptors, producing more reactive species in the cytoplasm through intracellular signaling systems (8) . When the cellular mechanisms for the detoxification of the RCS are overwhelmed by excessive RCS production, the so-called carbonyl stress takes place. The carbonyl stress has been suggested playing even more important role than oxidative stress in the development of diabetic vascular complications (15, 17, 50) .
Although the production of RCS is normally controlled by antioxidants, scavengers, and their degrading enzymes, there are circumstances when key molecules for the maintenance of homeostatic states become defective or dysfunctional, allowing these reactive species to be overly produced. Membrane potential appears to be one of such mechanisms (26 (12) . Since several NADPH oxidases for ROS production are stimulated by elevated intracellular Ca 2ϩ (6, 18, 20, 61) , and since RCS and ROS share the antioxidant detoxification systems, sustained depolarization may augment the production of these reactive species and aggravate oxidative/carbonyl stress.
The adverse effects of MGO on the vasculature have been studied previously. Most of these studies, however, are focused on the molecules of endothelium cells. For example, MGO causes impairment of endothelium-dependent vasorelaxation of rat mesenteric arteries in hyperglycemic conditions by causing dysfunction of the endothelium (7) . MGO stimulates the expression of angiopoietin-2 protein through the covalent modification of the transcriptional repressor mSin3A, causing endothelial cell death in mice (58) . Recently, the effect of MGO on VSM contraction has been reported. Acting on unidentified targets, MGO impairs norepinephrine and KClinduced smooth muscle contractions (31) . Our studies indicate that MGO suppresses K ϩ channel activity in VSM cells. This effect, however, is not mediated by the well-known modulation of the lysine and arginine residues of the channel protein.
Rather, MGO affects K ATP channels by acting on the mRNAs of Kir6.1 and SUR2B.
Previous studies (48) suggest that MGO can react with the NH 2 groups present on the guanine nucleotides to form tricyclic compounds. Because the double-stranded structure of DNAs protects the guanine nucleotides from the electrophilic attack (35, 38) , MGO preferentially reacts with single stranded nucleotides, including mRNA and denatured DNA (23) . Therefore, our data are consistent with the existing literature regarding the action of MGO on mRNAs. Remarkably, we have Fig. 6 . KATP channel-dependent augmentation of vasoconstriction by MGO. A: vasoconstriction was studied in an endothelium-intact mesenteric arterial ring at 36°C in vitro with an electricity-force transducer. With a preload of 0.4 g, phenylephrine (PE) produced concentration-dependent constrictions. The ring was then relaxed by the vasodilators Ach (1 M) and pinacidil (10 M), followed by three times of washout. Such vasoconstriction was markedly increased after the ring was exposed to 1 mM MGO for 2 hr. Arrows indicate a 2-h interval. B: same experiment was done in another mesenteric ring in the presence of Glib (10 M). Under this condition, the MGO-mediated augmentation of PE-induced vasoconstriction was eliminated.
found that two completely different mechanisms are in action in the process. MGO causes the instability of K ATP channel mRNAs by targeting at the 3=-UTR of Kir6.1 gene but not that of SUR2B. On the other hand, the coding region of SUR2B but not Kir6.1 transcripts may be targeted by MGO. The mechanism for the mRNA instability is still unclear. We speculate MGO exposure might cause cell stress and trigger the expression of microRNAs. Depending on the targeting sites, these microRNAs might act on the 3=-UTR of the Kir6.1 mRNA. It is worth noting that these two distinct mechanisms revealed by different experiments serve mutually as negative controls and demonstrate the specificity of the MGO modification on Kir6.1 and SUR2B, respectively. It is also worth noting that our data did not rule out the possibility that MGO may direct modulate K ATP channel protein, which warrants further investigation.
Although MGO can activate the AGE receptor-NF-B signaling pathway, we believe that this pathway may not be the underlying mechanism for K ATP channel inhibition by MGO for two reasons: 1) our in vitro assay, in which all the signaling components are missing, shows that MGO can cause mRNA degradation, indicating a direct action rather than an indirect action via signaling pathways; and 2) in our previous studies (40), we have shown that by activating the NF-B signaling pathway, lipopolysaccharides augment, rather than suppress, the expression of vascular K ATP channel mRNAs (40) .
Previous studies have shown that MGO levels are ϳ300 M when measured in cultured mammalian cells (10) and the plasma MGO levels is in the order of tens of micromolar range in healthy rats (51) . Several orders of elevation in the MGO levels are expected to take place in patients with persistent hyperglycemia (9) . Indeed, it is reported that MGO concentration is ϳ400 M in diabetic patients with poorly controlled hyperglycemia (24, 32) . The MGO levels may be even higher in local tissues including the vasculature before it enters the circulation. Our results have shown that the IC 50 levels of MGO for a suppression of Kir6.1 and SUR2B mRNAs are ϳ300 M, a level that is likely to occur in diabetes. Therefore, our findings are relevant to the conditions seen in diabetic patients.
The dysfunction of VSM is remarkable as the VSM cells regulate vascular tones. The disruption of the key proteins in the VSM cells for vascular tone regulation tends to impair not only membrane potentials and cellular contractility but also the VSM responses to circulating hormones, neurotransmitters, as well as the local factors released by endothelial cells. Consistently, our results have shown that the constriction of mesenteric arterial rings is augmented with the exposed to 1 mM MGO for 2 h, and such an MGO effect was totally eliminated in the presence of a K ATP channel specific inhibitor Glib, indicating the functional impact of the vascular K ATP disruption by MGO.
Oxidative stress and carbonyl stress have an intimate relationship. Firstly, previous studies have shown that the elevated levels of MGO can lead to oxidative stress by inactivation of antioxidant enzymes like superoxide dismutase (16) and glyoxalase (45) . Secondly, MGO can cause mitochondrial dysfunction, leading to uncontrolled production of ROS in VSMs (49) , which may play a role in the progression of diabetic vascular complications. Thirdly, MGO can promote oxidative stress through AGE receptor (8) and the NF-B signaling pathway to produce ROS (53) . Moreover, several antioxidant detoxification systems are shared by RCS and ROS. An overproduction of one of the reactive species can compromise the detoxification of the other.
Because of the intertwining relationship of ROS and RCS, it is necessary to elucidate whether the cellular dysfunction seen in MGO treatment is produced by MGO itself or mediated via the associated oxidative stress, as both are seen in diabetes mellitus. Our current studies support that the mRNAs of Kir6.1 and SUR2B are directly targeted by MGO, while our previous studies (55, 56) have shown that vascular K ATP channel protein is modulated in oxidative stress conditions through the posttranslational regulation S-glutathionylation. The present studies indicate that MGO has a unique effect on the vascular K ATP channels, although its adverse consequence on channel inhibition is similar to that of oxidative stress. Therefore, carbonyl stress and oxidative stress seem to work synergistically on the vascular K ATP channels. It is likely that the vascular K ATP channels are disrupted by oxidative/carbonyl stress at both protein and mRNA levels, resulting in abnormalities in VSM contractility, dysfunction in vascular responses to circulating/ local vasoactive regulators, and exacerbation of oxidative/ carbonyl stress. 
